Inappropriate management of organic wastes can cause serious damage to the environment by polluting water and air, which can lower the quality of life. Ammonia and greenhouse gases (CH 4 and CO 2 ) emitted from the waste storage units can pollute the air. Inappropriate application of nitrogen and phosphorus on fields as manure can lead to eutrophication of surface water resources and pollution of soil and ground water. Conversion of the organic wastes to biogas through anaerobic digestion will, however, reduce the adverse impact on the environment and will contribute to a reduction in the consumption of fossil fuels. This study investigated the anaerobic digestion of broiler manure and greenhouse waste as well as anaerobic co-digestion of broiler manure and dewatered and non-dewatered wastewater treatment plant sludge for the production of biogas. To this purpose, biochemical methane potential experiments were performed. Moreover, the effects of nutrient and trace metal supplementation on the biogas yield were also examined. The results of this study indicated that (1) The obtained biogas values for broiler manure and greenhouse waste were very well in agreement with relevant literature values and comparable to that of food waste reported in the literature, respectively. (2) The experimental biogas production observed for codigestion of broiler manure and dewatered and non-dewatered wastewater treatment plant sludge is higher than literature values. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
The large amounts of organic waste such as animal manure, agricultural residues, organic fraction of municipal solid waste, etc., are produced in vast quantities from different sectors. They represent a growing pollution risk with a potential negative impact on the environment, if not managed optimally. Anaerobic digestion organic waste reduces emissions of greenhouse gases, leaching of nutrients and organic matter to the natural receiving environments, pathogen levels, weed seeds and odour problem, etc. Moreover, it produces value-added by-products such as methane and fertilizer. Therefore, anaerobic digestion of organic waste can help remedy or alleviate many of the economic and environmental issues facing the society today.
Increase in energy demand and the adverse environmental impacts of fossil fuelbased energy resources led researchers to investigate renewable energy sources such as organic waste. Renewable energy resources attract attention all over the world because they are sustainable, generate reduced environmental impacts compared to fossil fuels, and provide new job opportunities in rural areas. Several million tons of agricultural wastes are generated and disposed through different methods such as incineration, land applications, and land filling. This waste a) Author to whom correspondence should be addressed. Electronic mail: goksel@metu.edu.tr. Tel.: þ90-312-210 58 67.
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1941-7012/2013/5(4)/043126/11/$30.00 V C 2013 AIP Publishing LLC 5, 043126-1 has a high potential as a bio-renewable energy resource and can be transformed into high value bioenergy and by-products. 1 Biogas is one of the renewable energy sources which can be generated from many different feedstocks. It is produced by bacteria in the process of biodegradation of organic material under anaerobic (without oxygen) conditions. Methanogens (methaneproducing bacteria) are the last group in the anaerobic consortium. In this process, biogas which is a source of renewable energy is generated. The biogas-process can be divided into three steps: hydrolysis, acidification, and methane formation.
In the hydrolysis step, bacteria decompose the long chains of the complex carbohydrates, proteins, and lipids into shorter parts. Acid-producing bacteria, involved in the second step, convert the intermediates of fermenting bacteria into acetic acid (CH 3 COOH), hydrogen (H 2 ), and carbon dioxide (CO 2 ). The acid-producing bacteria create an anaerobic condition which is needed for methanogens. They also reduce the compounds with low molecular weight into alcohols, organic acids, amino acids, carbon dioxide, hydrogen sulphide, and traces of methane. Methane-producing bacteria, in the third step, biodegrade compounds with low molecular weight utilizing hydrogen, carbon dioxide, and acetic acid to form methane and carbon dioxide. They are obligatory anaerobic and very sensitive to environmental changes.
The benefits of anaerobic digestion are (1) odor reduction; (2) lower biological oxygen demand by effluent (up to 90%), decreasing the risk of water contamination; (3) improved nutrient application control, because about 70% of the nitrogen in the waste is converted to ammonia, the primary nitrogen constituent of fertilizer; (4) Reduced pathogens, viruses, protozoa, and other disease-causing organisms in wastewater, resulting in improved human and herd health and possibly reduced water requirements; and (5) renewable energy supply in the form of biogas.
2 Furthermore, energy taxes on fossil fuels and a growing interest in governmental measures and credits for sustainable environmental and energy solutions further encourage the exploitation of anaerobic digestion.
Biogas is a mixture of methane (CH 4 ) and carbon dioxide (CO 2 ), water vapor (H 2 O), and hydrogen sulfide (H 2 S). Biogas has a significant energy content. For example, 1 m 3 biogas is equivalent to 0.7 kg of petroleum and can generate 1.25 kW h of electricity. 3 The production of farm animals in large scale units has considerably increased in the world. It is this increase that makes farm animal manure a major environmental problem for both developed and developing countries. The large amount of waste produced in a concentrated area requires urgent treatment and disposal solutions because ammonia and greenhouse gases, CH 4 and CO 2 , emitted from the waste storage units may cause air pollution problems. Moreover, improper application of nitrogen and phosphorus to land in animal manure can result in eutrophication of surface water resources and pollution of soil and groundwater. 4 Inappropriate managed poultry wastes can cause serious damage to the environment by polluting water and air, which can lower the quality of life. Ammonia and greenhouse gases (CH 4 and CO 2 ) emitted from the waste storage units can pollute the air. 5 Inappropriate application of nitrogen and phosphorus on fields as manure can lead to eutrophication of surface water resources and pollution of soil and ground water. 4 Anaerobic digestion of the organic component of chicken manure and other solid wastes to energy will, however, decrease the adverse impact on the environment and will reduce the consumption of fossil fuel. 6 Anaerobic digestion and biogas production are especially suitable for broiler breeding farms because large amount of waste is produced due to the use of litter material and these farms use too much energy for heating purposes. Therefore, anaerobic digestion is a valuable alternative for broiler manure treatment. 4 Wastewater Treatment Plant Sludge (WTPS) is generated by operation of the conventional biological wastewater treatment plants. WTPS treatment and disposal are receiving increasing attention as sludge volumes are becoming higher and higher as a consequence of more stringent criteria for wastewater treatment plant effluent and due to the building of new treatment facilities. The disposal of WTPS presents a significant challenge to wastewater treatment because sludge handling represents 30%-40% of the capital cost and about 50% of the operating cost of many wastewater treatment facilities. Anaerobic digestion is the most widely used method of WTPS disposal due to its high performance in volume reduction and stabilization and the production of biogas that makes the process profitable. 7 Food and green wastes account for a significant portion of municipal solid waste and their disposal in landfills is still a common method for management in many countries. Due to their high moisture and organic contents and biodegradability, the food and green wastes are major contributors to the emissions of greenhouse gases and volatile organic compounds from landfills. 8 The most promising alternative to incinerating and composting the fruit and vegetable wastes is anaerobic digestion. 9 Anaerobic co-digestion is increasingly being exploited for simultaneous treatment of different wastes. 10, 11 It combines two or more organic substrates to generate a homogeneous mixture as feed to the anaerobic digester to increase process performance. 12 It allows the use of complementarity in waste characteristics, e.g., avoidance of nutrients (N, P) addition when a codigested waste contains nutrients in excess. 13 Several studies have indicated that mixtures of agro-wastes, rural wastes, and industrial wastes can be digested successfully. 14 The nitrogen and phosphorus in food and vegetable waste can be low and that is why it has also been used in co-digestions with other wastes, for example, chicken manure. 15 Indeed, it has been suggested that chicken manure is best treated with other wastes because of its high nitrogen content. 16 The objective of this study was to investigate biogas production from anaerobic and codigestion of broiler manure, wastewater treatment plant sludge, and greenhouse waste by performing a Biochemical Methane Potential Test. In addition, the effects of nutrient and trace metal supplementation on the biogas yield were also examined.
II. MATERIALS AND METHODS

A. Substrates used
The substrates investigated are given in Table I . Based on the location of the substrate collection, the substrates were grouped and subjected to biochemical methane potential (BMP) experiments (Table II) .
B. Analytical methods
Total Solids (TSs), Volatile Solids (VSs), and pH value of the samples were analyzed as described in Standard Methods. 17 NH 4 -N, PO 4 -P, COD, and sCOD analyses were performed by the spectroquant analysis system, on Aqualytic PC Multidirect Autotest photometer. Samples were filtered from 0.45 Millipore filter papers before sCOD analyses.
Objects larger than 1 cm in diameter were removed from S1, S2, S3, and S4. Then they were dried at 102 C for 24 h and then grinded and sieved (300 lm) before being used in the experiments.
Gas production was determined by water displacement device. 18 The headspace gas content was analyzed by Trace GC Ultra (Thermo Co.) device equipped with thermal conductivity detector at injector and detector temperature of 100 C. The substrates to be used in the experiments were characterized and the results are presented in Table III .
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D. BMP assay
The biogas generation potential of the substrates was determined through BMP experiments. 20, 21 In order to determine the anaerobic biodegradability and biogas production of the substrates investigated, BMP experiments were performed in 250-ml serum bottles capped with natural rubber sleeve stoppers.
The anaerobic culture was obtained from the anaerobic sludge digester of Ankara Wastewater Treatment Plant. First, the culture was thoroughly mixed and filtered through a screen with pore size of 1 mm.
Then, every serum bottle was seeded with 50 ml of the culture. In order to determine the effect of nutrient and trace metal supplementation on gas production, each COD concentration level was studied in the absence and presence of basal medium as seen in Table IV. The composition of the basal medium used in this study was as follows (mg l-1): NH 4 Cl (1200), MgSO 4 Á7H 2 O (400), KCl (400), Na 2 SÁ9H 2 O (300), CaCl 2 Á2H 2 O (50), (NH 4 )2HPO 4 (80), FeCl 2 Á4H 2 O (40), CoCl 2 Á6H 2 O (10), KI (10), MnCl 2 Á4H 2 O (0.5), CuCl 2 Á2H 2 O (0.5), ZnCl 2 (0.5), AlCl 3 Á6H 2 O (0.5), NaMoO 4 Á2H 2 O (0.5), H 3 BO 3 (0.5), NiCl 2 Á6H 2 O (0.5), NaWO 4 Á2H 2 O (0.5), Na 2 SeO 3 (0.5), cysteine (10), NaHCO 3 (6000). This basal medium contained all the necessary micro and macro nutrients required for optimum anaerobic microbial growth. 4 After the addition of wastes (Table IV) , water was added to the serum bottles to make the final volume 150 ml. The serum bottles were finally purged with a 25% CO 2 and 75% N 2 gas mixture for 3-4 min to maintain the proper pH and anaerobic conditions. The bottles were incubated in a shaking incubator with a mixing intensity of 150 rpm and kept at 35 6 1 C in a temperature controlled room.
III. RESULTS AND DISCUSSION
A. Biogas production
The biogas production was monitored for 45 days and reported in Figures 1-3 below for each substrate group (Table II) . As seen from Figures 1-3 , there was not a lag phase for the anaerobic biodegradation of the substrates investigated. The biogas production was started immediately and increased exponentially in the first 10-25 days of operation. Then, the biogas production rate was reduced as expected. This is mainly due to the consumption of the readily available (or soluble substrate) in the reactor. The biogas production at a reduced rate was still on-going on day 45 when the reactors were stopped. Reactor No Seed (ml) 12 Â BM (ml) S1 (g) S2 (g) S3 (g) S4 (ml) S5 (ml) S6 (mg) Water (ml) COD (mg/ One major observation is the biogas production values for reactors with BM addition (T1c, T1d, T2c, T2d, T3c, T3d, T4c, T5c, T6b, and T7b). Their initial biogas production rates were significantly lower than their replicates with no BM addition (T1a, T1b, T2a, T2b, T3a, T3b, T4a, T4b, T5a, T5b, T6a, and T7a) as seen in Figures 1-3 . The biogas productions in replicate reactors with and without BM almost overlapped for T2, T3, T5, and T7 and get very close for T1, T4, and T6 at the end of the experimental period. This observation simply indicated that BM (or trace metal and nutrient) addition was not necessary for the substrates investigated. Therefore, the reactors T1c, T1d, T2c, T2d, T3c, T3d, T4c, T5c, T6b, and T7b were no longer considered in the data analyses below.
The reactors were still producing biogas when they were stopped on day 45. When the biogas production data were observed for the reactors (Figures 1-3) , it was noted that these reactors produced biogas at rate close to the rate observed between day 30-45 several weeks. Thus, it was assumed that at least 10% extra biogas would be produced if the experiment was not terminated and this value was added to the observed values for each reactor. This is a vey conservative assumption and the actual gas production would be higher. 
B. Comparison of experimental and theoretical biogas production
The average Cumulative Gas Production (CGP), average methane (CH 4 ) content, average and normalized CH 4 production (CH 4 Production in Test Reactor -CH 4 Production in Control Reactors) values are tabulated in Table VI . Furthermore, the theoretical CH 4 production values for each reactor were calculated by using initial COD values (Table IV) in stoichiometric equations. Then, the ratio of experimental to theoretical CH 4 production values was calculated for each reactor (Table V) .
The theoretical CH 4 production values are calculated by using the total COD (CODt) even though only soluble organic materials are bio-available to microorganisms. The objective is to assess the maximum biogas production which is theoretically possible. In other words, theoretical CH 4 production is almost never realized. Thus, the ratio of experimental to theoretical CH 4 production value indicates the anaerobic biodegradability of the substrate(s) under investigation.
This ratio is particularly important when comparisons are made between the reactors which contain same substrate(s) at different concentrations. Since there is a maximum concentration that can be loaded to a reactor, above a certain level, inhibition (reduction) in microbial activity (biogas production, etc.) is observed. This can be observed by lower ratios of experimental to theoretical CH 4 production.
Therefore, in order to assess which substrate combination in group 1 provided the highest biogas production per unit substrate, the ratio of experimental to theoretical biogas productions was calculated in this study (Table V) . The results indicated that the ratio of experimental to theoretical biogas production values for T1, T2, and T3 were 19.7, 16.7, and 15.9, respectively (Table V) . As can be seen from Table V, S1 was increased from T1 to T3, while the concentration of the rest of the substrates was kept constant. The observed decrease in the ratio of experimental to theoretical biogas production as the S1 was increased was due to the increased nitrogen content of the substrate mixture as expected. When the biogas production trends for group 1 substrates (Figure 1 ) is observed, it is seen that no ammonia inhibition was noted. This suggests that the amount of S1 in group 1 substrates might increase little bit further. However when the initial COD of 31 017 mg/l is considered, it can be postulated that this increase would not be significant.
C. Biogas projections
Based on the data given in Tables III-V, the biogas projections in Tables VI and VII can be made. All the mass values in Table IV are as "total solids." They are converted to "as collected" values by using the TS values reported Table III and reported in Table VI. Methane production values reported for reactors used in BMP assay in Table VI can be transformed to substrate groups investigated (Table II) and the mass and volume values can be converted to tons and m 3 's, respectively (Table VII) . Due to the reasons explained above, the data for T3 were used below for biogas projection calculation from group 1 substrates. In order to get a better understanding of the methane production values obtained in this study, some reference values were retrieved from literature for comparison (Table VIII) .
The average biogas production potential for broiler and poultry manure was reported as 50-100 m 3 /ton substrate (Table VIII) . When the broiler manure investigated individually (S2) is considered, 61.3-69.4 m 3 of CH 4 is produced in this study. The CH 4 content of the biogas in reactors used for S2 in BMP (T4 and T5) were 54.8 and 57.8, respectively (Table V) . When their average of 56.3% is used, the biogas production for S2 can be calculated as 108.9-123.3 m 3 of biogas. This range is very well in agreement with what is stated in the literature for broiler and poultry manure (Table VIII) .
The greenhouse waste investigated (S6) produces 32.5-36.8 m 3 CH 4 (Table VII) . The average CH 4 content of the biogas in T6 and T7 in which S6 was digested in the BMP assay was 52%. Thus, the biogas production for S6 is 62.5-70.8 m 3 biogas/ton of S6. There is no reference in the literature which can be used for direct comparison. However, it was reported that the food processing waste produces 46 m 3 biogas/ton substrate. This indicates that the biogas production level obtained from greenhouse waste (S6) in this study is comparable to that of food waste. The group 1 substrates contained broiler manure (S1), dewatered (S3), and non-dewatered (S4 and S5) wastewater treatment plant sludge. In order to assess the biogas production value obtained for group 1 substrates, the relevant reference values from Table VIII are used. Dewatered and non-dewatered sludge are quite different in their characteristics and biogas production. Since no reference value for biogas production was found for dewatered sludge, that of non-dewatered sludge was used for S3. Based on these values and assumption, the minimum and maximum biogas production for the substrate mixture (1.36 ton S1 þ 1.02 ton S3 þ 2.4 m 3 S4 þ 4.1 m 3 S5) were calculated as 105.6-202.9 m 3 biogas. By using the CH 4 content of biogas produced (Table V) , the biogas production for the same substrate mixture was determined as 489.3 m 3 biogas. These values indicate that the experimental biogas production observed for group 1 substrates (489.3 m 3 biogas) is significantly higher that calculated based on literature references (105.6-202.9 m 3 biogas). However, it should be kept in mind that the reference value used for S3 is not representative as indicated above. Furthermore, the characteristics of the same substrates in different studies might be significantly different due to different feeding, operation, waste collection, etc., practices. Thus, the comparison of the biogas production values of the substrates investigated in this study with the values in Table VIII are only for general evaluation purposes.
D. Fertilizing effect of effluent (digestate)
Anaerobic digestion effluents (or digestate) are a valuable fertilizer which has a market value. As can be seen from Table IX, digested sewage sludge has much higher N, P, and K content than different animal manures.
Literature states that each hectare of land will require an average dose of about 33 kg N, 11 kg P 2 O 5 , and 48 kg K 2 O to compensate for an annual yield of 1-1.2 tons of, for example, sorghum or peanuts. Depending on the nutritive content of the digested slurry, 3-6 ton of solid substance per hectare will be required to supply this amount. For supply with a moisture content of 90%, the required quantity comes to 30-60 ton per hectare and year. That roughly corresponds to the annual capacity of a 6-8 m 3 biogas plant. 28 As an example, a medium size of anaerobic digester with a volume of 300 m 3 With a price of nitrogen of 0.2-0.4 e/kg and phosphorus 1-2 e/kg the value of nutrients in the digestate could be, e.g., 1-7 e/ton waste. 29 The fertilizing value of the digestate obtained in this study should be assessed based on the characterization of the reactor effluents. Anaerobic digestion of organic wastes generates profit through Greenhouse Gas emission reductions along with methane and fertiliser production.
The economic value of the emission reductions is estimated by multiplying the emission reductions with varying prices per ton CO 2 , NO X , and SO 2 , reflecting the values on the emerging CO 2 emission trading market in Europe, shadow costs, and costs of damage on environment and public health. 29 The following prices can be used:
• CO 2 : 5, 10, and 20 e/ton, • SO 2 : 2500, 4900, and 5400 e/ton, • NO X : 1500, 5900, and 6500 e/ton.
Any feasibility study on anaerobic digestion should take this fact into consideration.
IV. CONCLUSIONS
This study investigated the anaerobic digestion of broiler manure and greenhouse waste as well as anaerobic co-digestion of broiler manure and dewatered and non-dewatered WTPS for the production of biogas. The results of this study indicated that:
• There was not a lag phase (or need for acclimation) for the anaerobic biodegradation of the substrates investigated.
• Trace metal and nutrient addition were not necessary for the anaerobic digestion and codigestion of the substrates investigated. (Table VIII ).
• The biogas production level obtained for greenhouse waste in this study is comparable to that of food waste reported in the literature.
• The experimental biogas production observed for group 1 substrates (489.3 m 3 biogas) is significantly higher than that calculated based on literature references (105.6-202.9 m 3 biogas).
• In addition to biogas, an anaerobic digester of 300 m 3 with a retention time of 20 days would produce fertilizer for 91-182 hectares of land and generate a revenue of 547.5-3832.5 e/year with the market prices for N and P.
• The fertilizing value of the digestate obtained in this study should be assessed based on the characterization of the reactor effluents.
• Anaerobic digestion of organic wastes generates a significant profit through Greenhouse Gas emission reduction along with methane and fertilizer production. This has to be considered in feasibility studies.
